The food that we eat is uniform neither in shape or appearance nor in internal composition or content. Since technology became increasingly important, the presence of biological variance in our food became more and more of a nuisance. Techniques and procedures (statistical, technical) were developed. The most widely used are sorting or grading on large-scale operations. Statistical rules were developed on the sampling size to obtain a reliable mean value. Experimental design strategies were developed for efficient research. All the techniques used are rather empirical and only loosely connected to the theoretical and fundamental knowledge we do have.
INTRODUCTION
As long as man exists on this earth, he has eaten his daily food to stay alive and to survive. In the very early days, when gathering our food by hunting and searching, the variation in kind, amount and quality was tremendous. Mankind adapted to that situation and developed skills to distinguish between edible and inedible products.
After a while, mankind settled down in small settlements and started farming. The era of agriculture began. The variance in quality and properties of our daily food gradually decreased to a bearable and manageable level. In the recent past, the effects of biological variance were avoided as much as possible by sorting and grading the products solely based on external properties. Statistics provided sufficient and reliable means of experimental design to decrease the effect even further. So, we learned quite efficiently to live with the problem without too much trouble. But still we are faced with the hidden and not (and certainly not fully) understood rules of biological variance.
In more recent times, driven by the shift in importance from external properties (shape, colour, size) to internal properties (sugar content, taste, vitamins, potentially health promoting compounds), more problems have been encountered even in apparently similar batches of produce. Many studies have been devoted to the causes and effects of biological variance in agricultural products. Especially the growing of food has attained much effort, as that is the realm where technology fails most in controlling the onset of biological variance (see for some examples General: Tijskens et al. 2000) .
Altogether, the issue of biological variance has so far mainly been dealt with by technological means, without too much understanding of the rules and changes that govern the processes that cause biological variance. In this lecture, a new approach is proposed, that is based on the understanding and modelling of the behaviour of individuals in a population, rather then starting from the behaviour of the mean values of batches. Some theoretical examples are deduced and shown, that have however, a strong implication for practice.
ORIGIN AND SOURCES OF BIOLOGICAL VARIANCE
To understand how biological variance works, how it affects the perception of quality in our food and the handling of our food commodities, we have to understand what it is and where it comes from. In a previous lecture (General: Tijskens et al. 2000) , an attempt was made to review these sources and the nature of biological variance. The results are briefly summarised as follows:
• Variance in any product is part of the production process, whether natural (growing) or technological (food processing). Without production of a commodity or conversion of one commodity into another, no variation will be present. Variance in commodities is a direct consequence of variations in the producing sequence.
• Usually, effects of external factors, different in space and/or time initiate this variation. Examples of the most frequently responsible external factors are sunlight, daily and seasonal temperature changes, rainfall, soil type and its spatial distribution, fertilisers and their spatial distribution. Superimposed on this type of variance, is the variance that originates from internal factors as e.g. genetic differences in the producing species.
• The search for the variations in the primary production process brings us to the full area of growing and cultivation. The effects of various circumstances, especially weather, climate, soil type and fertilisation have been studied for already a long time.
It covers a list of over 1 million references. The literature references, provided in Tijskens et al (General: 2000) , constitute merely a short list of efforts. The biological variance occurring in agricultural products, caused by external factors, is generally subdivided into three categories, reflecting more the type of observation rather than the fundamental cause of the differences. For the time being, we will stick to this classification: − Regional variation: difference between growing areas caused by soil composition, fertiliser availability and different climatic conditions due to location (e.g. latitude, vicinity of sea, ocean, mountain, desert), different cultivation treatments by growers during the cultivation period, (plowing, fertilisation, and irrigation). − Seasonal variation: The most important driving force is here the difference in weather over the different years. Indices to optimise the harvest time belong to this category. − Batch variation: the variance between the individuals in a batch. The source of this type of variation is the result of the same driving forces as for the previous two origins of variation, but on a far smaller scale. At the moment of harvest, not all individuals in a batch are at the same stage of development and exhibit a distribution in maturity.
• Technical variance in machinery and processing equipment will lead to different holding and passing times (Residence Time Distributions) which on their turn will induce variance in the products under treatment.
WHAT IS BIOLOGICAL VARIANCE?
Biological variance is difficult to describe in a generic way. The Webster dictionary defines variance as "the fact, quality, or state of being variable or variant", and "an instance of variableness: a degree of difference". This definition does bring us not much further than what we already guessed. Some analogy with the definition of quality by Kramer and Twigg (General: 1970) on the level of aggregation one wants to consider. One can take individual fruits in a batch, the cells in a fruit, the individuals in a grading category etc. The easiest and most practical way to define the level of aggregation is to adapt to the usual way consumers, trade and handling treat the products. For scientific purposes and for studying and understanding the occurring processes, the choice of units, however, is completely unlimited.
• The composite of properties contain all the differences between the individual units in a population. This implies that we cannot say that a sample of products is homogeneous, unless all properties are homogeneous. Therefore, even in apparently homogeneous samples, there always can be (or will be) some hidden variation. Of course, the importance of this variance for describing product behaviour and usability depends on the importance and level of variation of the varying property.
• Biological variance can only occur in biological produce. Variance can occur in manmade products, but this can be considered more technical or technological variance rather than biological variance. Technical variance in man-made products is most of the time far less and far less frequent than in nature-made products. Normally, biological variance is limited to that variation in product properties that we cannot yet explain or do not yet understand fully. For example, if we consider apples, there exists some difference between apples Granny Smith and apples Jonagold. However, we know these are different cultivars, and we make good use of this "variance" in apples to add some choice in taste and appearance of the daily apples we eat. In other words, as soon as we know and understand the reason of this variation in product properties, this variation ceases to be regarded as biological variance. We can make good use of the existence of this variation if and only if we understand its origin and its behaviour. In our opinion, this is the most crucial reason to study on a fundamental level biological variance in agricultural products.
TECHNOLOGICAL WAYS OF DEALING WITH BIOLOGICAL VARIANCE
All approaches to deal with this ever-present and ubiquitous nuisance, apply more or less empirical means, either to avoid the effects of external circumstances during production (production control) or to decrease the effect of the variance present (sorting and grading). For describing the variance, the statistical distributions and the population dynamics have been used widely.
Production Control
To tackle the regional and seasonal type of biological variation, and to arrive at products as uniform as possible, production of agricultural products (growing) has been controlled as much as possible. In times of draught irrigation is used. Amount of fertiliser and frequency of fertilisation is adapted to the "needs" of the product, prescribed or at least influenced by regional and seasonal aspects that are beyond human control. Lately more and more modelling is being applied to understand the effects of external factors on variation and to deduce appropriate responses to that variation.
The ultimate form of this type of control is growing food in greenhouses where almost any aspect of the growing conditions can be controlled by man.
Sorting and Grading
In post-harvest handling of fruits and vegetables, sorting and grading is a long known and applied technique, almost standard nowadays, to reduce the effects of occurring variation in batches of produce. Of course, grading on one property can never eliminate the disturbing behaviour in another property. Until recently, the technique was almost exclusively applied based on external properties or quality attributes, like colour, appearance and visible defects. Lately sorting and grading based on internal quality attributes became feasible by virtue of the increasing possibilities of non-destructive 664 quality measurements. The driving force behind this development is the increasing importance of taste and quality for the modern consumer. Sorting on external attributes only can never lessen the variance in internal properties.
Statistical Procedures
Statistics have developed techniques to minimise the effect of biological variation on experimental results. The most commonly applied technique is simply taking the mean over all the individuals in a sample. The size of a sample depends on the observed standard deviation in the sample. To make experiments more efficient and intelligent, adequate rules of experimental design have been developed.
A vast number of distribution functions and estimating procedures have been developed to describe the distribution of properties in a population or a sample. Those range from continuous normal or Gaussian distribution, to discrete Poisson and binomial distributions and include numerous empirical distributions as the Weibull and gamma distributions to account for skewness and kurtosis often encountered in biological variance. One has to be careful with taking the mean value in biological systems: a function of a mean is something quite different then the mean of a function. Allen developed a mathematical sound second order approximation procedure to account for this different behaviour (General: Allen 1988).
HOW SHOULD WE DEAL WITH BIOLOGICAL VARIANCE?
Without denying the value of research conducted so far in this field, time has come to try out a new approach to this old phenomenon. Based on the postulations so far, we have deduced that biological variance is a direct consequence of differences between the individual units of a batch. We have also deduced that these differences are a consequence of dynamic processes that occur during growth and conversion. From these deductions, the new approach is rather evident. The new approach for understanding and describing biological variance is mainly based on two important aspects and pathways. These two aspects are highly linked: one activity cannot exist without the other one.
Process Oriented Modelling
Repeatability of experiments is really the basis of modern science. In the same circumstances, the same process will always produce the same result. Aberrations to this rule will lead invariably to biological variance. The key-action to understand and describe biological variance, its source and its development, is therefore to find out and determine what the important processes are that occur in our food. Up to a certain level, this fundamental reasoning can be applied on mean data values. Examples can be found in the many more fundamental models (see references Modelling). From the results of all this modelling and analysis of data, it becomes clear that the reasons for the presence of biological variance are mostly hidden very deep in the growing mechanism. What also becomes clear is that for explaining and understanding the situation, fundamentally correct models are absolutely necessary. The problems at hand become very rapidly too complex to be studied and analysed in one effort. Consequently, sound and correct problem decomposition in terms of essential processes is necessary. To allow the problem to be split up in smaller and manageable sub-problems, it is essential that the knowledge obtained in one study can be used entirely in another study. This makes the transferability of values of model parameters essential. That is only possible with fundamentally correct models (General: Tijskens et al. 1998) .
The model on the development of sugar content in potatoes during storage at various temperatures (cold induced sweetening) in relation to the maturity at harvest was of prime importance in the development of this new approach (Modelling: Hertog et al. 1997a Hertog et al. , 1997b .
Individual Monitoring
Although biological variance only can occur in populations of individual units, it 665 is completely and solely determined by the properties of the individual units. The study on individual behaviour of units in a batch makes it necessary to apply non-destructive measuring techniques on all the individuals in a sample or batch. An individual in a population is the only entity that during its lifetime (e.g. during growth, storage, processing and consumption) always exhibits a behaviour based on exactly the same combination of initial conditions. Therefore, in repeating measurements on individuals, the process itself, instead of the observed phenomena, can be studied without interference of biological variance. Fortunately, several non-destructive measuring techniques have been developed in the past decade and are being developed for assessing both external and internal properties. The benefits of non-destructive measurements for data analysis were highlighted by Tijskens et al. (General: 1999) . A nice example of the effect of individual monitoring is that the relation between mean colour of a batch of French fried potatoes with mean sugar content has a statistical correlation of about 60%. The relation between colour and sugar content of the individual French fries was well over 95% (A. Braaksma, ATO, unpublished data).
FUNDAMENTALS OF MODELLING BIOLOGICAL VARIANCE Example 1: Making Batches
Let us stick for the time being to colour as product property. We all can perceive it ourselves, without technical assistance, and we all have a fair amount of expertise. In due time the same line of reasoning will be applicable to internal product properties and quality attributes.
Suppose we have a large harvest batch of tomatoes, say 10,000. The maturity in such a batch will be not entirely homogeneous, however careful the picking will have been conducted. Suppose the distribution in maturity (expressed as days of development) can be approximated with a normal distribution. Out of this population, smaller consumer batches of 10 tomatoes are prepared. Every time such a small consumer batches is taken from the mother population, part of the variance in maturity of the population will be incorporated into the smaller batch. But every time a different part! For many products, colour develops according a sigmoidal function, often modelled as a logistic function. The standardised colour function, with all colour values standardised between 0 (green) and 1 (red or yellow) is:
where c is the normalised colour, k the reaction rate constant, t is the time of storage, starting at some arbitrary point e.g. harvest, and t m is the maturity at t=0, expressed in time, containing all information on initial conditions. As a consequence of the way the consumer batches are created, the distribution over t m for all the individuals in a batch causes a skew distribution in the colour of all the individuals: tomatoes can not be greener then green, nor redder then red. This distribution will depend on the initial distribution of maturity t m , and the rate with which the colour develops during growth and storage.
Usually, experimental set-ups work in their analysis with mean data over a number of batches. Because of the small number of individuals in consumer batches, the mean property (e.g. colour) in each of those consumer batches will develop in an apparently different and erratic way. In Fig. 1 , an example is shown for the behaviour of colour in five different batches taken from the same mother population. The corresponding apparent standard deviation is shown in Fig. 2 . From these graphs we can clearly see the "random" effect of taking small consumer batches out of a mother population, not only the apparent rate of development (tangent in Fig. 1 ) but also the estimated standard deviation over the colour changes sometimes drastically.
The smaller the standard deviation in the mother population is, the smaller the aberrations between theoretical and observed rate of development is (not shown). In other words, when the consumer batches are prepared with sufficient care with respect to 666 sorting and grading, the nuisance caused by biological variance is rather limited.
Example 2: Effect of Harvest Time and Storage
Accepting that there exists a distribution in the quality attribute under study (still colour as an example), it is interesting to know how this distribution looks like and how it behaves during storage.
Based on the assumption of a logistic change in colour during storage, and based on the fundamental rules of statistical distribution, one can deduced the equation that describes the distribution at all combinations of rate constant, initial standard deviation in initial maturity, and storage time and storage temperature (deduction not shown, publication in preparation). The distribution of a quality attribute that changes according a logistic behaviour looks like:
where p is the density of a quality attribute, c the stage in quality attribute of an individual, k the reaction rate constant, t the time, σ the standard deviation in maturity of a distribution with mean assumed zero. With this function we can simulate and study the combinations important for applications in practice. An example is shown in Fig. 3 . We clearly can observe that at the early stage of ripening, all individuals are predominantly green, exhibiting a distribution, which is skew (tailing) to the right, moving during storage towards a much flatter and wide but more normal distribution, and further on to a mirror image of the green stages when reaching the predominant red stage of coloration. Again the standard deviation of the initial distribution on maturity (σ) as well as the reaction rate constant (k) has a tremendous effect on the behaviour of biological variance.
This standard deviation on maturity (σ) is directly linked to the time between successive harvests of fruits from one production area: with a picking rate of once a week, σ is around 7 days, with a picking rate of twice a week, σ is around 3 days etc. This also confirms the long known rule: the more frequent fruits are picked, the more uniform the batches are, and the more acceptable the batch will be for the next actor in the food chain.
The magnitude of the reaction rate constant (k) is directly linked to the storage temperature. As for all reaction rate constants, the rate constant of the colouring process depends on temperature according the well-known Arrhenius law. In Fig. 4 an example is shown for the colour distribution of the same batch of fruits stored at four temperatures.
Practical Examples
Applying these views and findings to experimental data is even more complex and cumbersome than shown in these theoretical examples. In the first place, not too many data sets are available. In the second place, reality is more complex than theoretical analyses. One example using the described approach can be found at a poster presented at this conference (Tijskens et al. 2001) . A few other examples from practice can be found in Tijskens et al. 2000 .
CONCLUSIONS
To understand the occurrence and the behaviour of biological variance in agricultural produce, attention has to be devoted more to the processes involved and less to the observed phenomena themselves.
Combining good and reliable models to describe the behaviour of individual units in a batch with the fundamental knowledge available in statistics, one can arrive to an interesting new approach to this old nuisance.
667
The behaviour of biological variance and the corresponding distribution functions, theoretical deduced for very simplistic schemes and processes, are already directly connected to procedures used in practice.
The number of individuals in a batch, the standard deviation in maturity of the populations and the temperature during storage have all three a major effect on the behaviour and development of biological variance. 
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